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There is significant interest in the boiling performance of refrigerants in mini- and microchannels, 
especially in flow geometries relevant to compact heat exchangers for air-conditioning and refrigeration 
applications. Pressure drop (ΔP) characteristics during flow boiling of refrigerant R134a have been studied 
extensively over the past decade; however, in most research ΔP is measured over a single channel or multiple 
parallel channels (manifold to manifold). There has been no work examining the individual pressure drop in each 
channel in multiple channel design. Moreover, correlations or relationships between the instantaneous ΔP in 
individual minichannels operating in parallel have not been reported. 
In this work, an investigation of the effect of heat flux, mass flux and inlet vapor qualities on the flow 
patterns and pressure drop for flow boiling of R134a in 0.54 mm square parallel minichannels is reported. In 
particular, flow boiling experiments are conducted at flow rates  between 0.1 and 0.51 g/s and heat fluxes from 0 to 
36 kW/m2. The heat flux input among a set of four horizontal, parallel minichannels is individually varied and 
controlled in each test. The focus of the work is on the investigation of correlations between flow boiling of R134a 




Hydrodynamic parameters of flow boiling for various refrigerants in mini- and microchannels have been studied 
extensively over the past decade because of their wide application in microelectronics cooling, air-conditioning and 
refrigeration. Stable and unstable flow boiling in single and multiple small passages have been examined by Bergles 
et al. (2003), Balasubramanian and Kandlikar (2005), Wang et al. (2007), Szczukiewicz et al. (2013), Tuo and 
Hrnjak (2014). An extensive review of two-phase flow instabilities in narrow spaces was reported by Tadrist (2007). 
However, limited information regarding the inter-channel relationship during flow boiling in mini- and 
mircochannels subjected to unbalanced heating was found in the literature. Existing studies on the coupling between 
heat and mass flux  in several parallel unevenly heated tubes have been done for tubes with diameter larger than 3 
mm. Kakac et al. (1977), Lee and Pan (1999), Baikin et al. (2011) investigated stability of in-tube boiling and flow 
distribution in unevenly heated system from 2 to 6 parallel channels. Kakac et al. (1977) studied the phenomena in 
each channel by means of pressure and temperature measurements. Flow rate was examined in every single tube by 
Lee and Pan (1999) and Baikin et al. (2011). It was determined that the most heated tube exhibits the largest 
magnitude of oscillations, and more mass of working fluid flow through less heated pipe. The technical challenges 
to measure pressure drop and flow rate in each tiny channel might be the major reason of the absence of similar 
research in smaller scales, although such study can present an added value to the actual knowledge in the area of 
flow boiling mechanisms in narrow channels.  
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The focus of this work is on the investigation of interaction between the flow in neighboring 0.54 mm 
hydraulic diameter minichannels subjected to different operating conditions, such as varying mass and heat flux. The 
refrigerant R134a was selected as it is one of the most widely used working fluids in air-conditioning and 
refrigeration systems. ΔP signals were recorded with high frequency in order to capture transient changes of the 
variables. The existence and the strength of the inter-channel relationship was estimated by correlation analysis of 
transient pressure drop signal (ΔP) across each channel. 
 
2. EXPERIMENTAL METHOD 
 
2.1. Experimental Apparatus and Test section  
Fig.1 illustrates the experimental setup and the test section is shown in Fig. 2. 
 
Figure 1: Experimental setup 
 
Figure 2: Test section 
 
The refrigerant R134a flow through the test section was driven by the pressure difference between the 
beginning and the end of the experimental loop; no pump was used in the experiment. Total flow rate was measured 
using a Coriolis-type flowmeter installed upstream of the test section. A metering valve right after the test section 
was used to adjust the flow rate of the refrigerant. The refrigerant distribution within the test section was arranged 
using brass fittings: a cross-fitting divided the incoming flow from the main feeding tube of 1.65 mm (ID) into two 
equal parts and further downstream two T-type fittings split each portion into two flows. 
The test section consisted of a preheater and an evaporator. Four stainless steel tubes with circular cross-
section of 0.508 mm and 200.2 mm in length were used for preheating the refrigerant by means of direct Joule 
heating. The vapor quality was varied in the preheating section that partially evaporated the refrigerant before it 
entered the evaporator. Four square glass channels from quartz with inner cross-section of 0.538x0.538 mm2 and 
76.8 mm in length were used in the evaporative section. A thin film of Tungsten was sputtered on an outer wall of 
each glass tube in order to apply direct current; flow visualization using high-speed video camera was made 
available through three transparent walls. Each preheating stainless steel tube and each glass tube had its own DC 
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power supply in order to individually control the applied heat flux. Shut-off valves were mounted at the end of each 
of four minichannels in order to be able to regulate the number of channels involved in the experiment each time.  
Pressure transducers and immersed shielded thermocouples installed at the beginning and at the end of the 
test section were used to measure inlet and outlet parameters of the refrigerant. Four differential pressure transducers 
of «wet-wet» type were measuring the pressure difference (ΔP) across each glass minichannel. Pressure losses due 
to the intermediate connectors were negligible; therefore, the signal from the pressure transducers was considered as 
the original value of ΔP across the relevant minichannel. Uncertainties of parameters involved in the experiments are 
given in Table 1. 
 
Table 1: Uncertainties in measurements 
Parameter m  P ΔP1 ΔP2 ΔP3 ΔP4 T qpreh qevap x 
Units g/s kPa kPa kPa kPa kPa оС % % -- 
Value 0.01 4.6 0.033 0.010 0.035 0.043 0.2 5 5 0.01 
 
2.2. Data reduction  
Once the system reached steady state conditions, each parameter (pressure, temperature and flow rate) was 
recorded at frequency 2000 Hz over 120 seconds. The measured data were filtered from high frequency noise and 
processed in MATLAB®; the extended statistical analysis was undertaken afterwards.  
It is well known that pressure drop in mini- and microchannels highly depends on flow patterns; it is a 
strong function of flow rate, heat flux and vapor quality (Grzybowski and Mosdorf (2014), Tuo and Hrnjak (2014)). 
Therefore, the mean ΔP and the fluctuations were compared seeking insight about flow phenomena in each channel. 
Variation in average ΔP also was interpreted as an indicative parameter of flow distribution between channels. 
Power spectral analysis of pressure drop signals provides valuable information about the dominant frequency 
associated with the studied phenomena. A power spectral density (PSD) curve illustrates the decomposition of a 
process into different frequencies that are present in a signal and helps to identify periodicities. The frequency 
corresponding to maximum PSD value indicates the most influential periodical event occuringe during flow boiling. 
Comparisons of peak frequencies for each pressure drop signal were undertaken for each test in order to analyze the 
different events occurring in channels under changing heat and mass flux conditions.  
The cross-correlation coefficient is a widely used measure of strength and direction of relationships 
between two sets of variables. It can be applied to different types of signals as long as they have the same number of 
variables. Transient pressure drop signals in each minichannel and pressure signals in inlet and outlet manifolds 
were used to compute the dimensionless time-lagged linear cross-correlation coefficient r. According to Bendat and 
Piersol (2010), the mathematical formula for normalized time-lagged linear r for two random X and Y data series 
consisting of N values is: 








                                                                    (1) 
The average cross-correlation coefficient was determined over 120 seconds long set of data, and the 
maximum (rmax) and minimum (rmin) values of the average coefficient were determined. The maximum values 
between |rmax | and |rmin| indicate the strength of the linear correlation between two comparing variables; the sign of 
the maximum coefficient indicates the direction of the relationship between signals. The interpretation of the 
correlation power can vary, depending on the examined phenomena. The coefficient of determination (r2) was 
further calculated in order to quantify the percentage of the correlated data.  
 
3. RESULTS AND DISCUSSIONS 
 
Study of the existence of the correlation between channels was undertaken by conducting several conditions: 
Type I tests: one channel is diabatic, and the other channels are adiabatic (single phase liquid flow). 
Type II tests: equal heat fluxes are applied to all four channels.  
Type III tests: different constant heat fluxes are applied to three preheating channels, the heat flux of the fourth 
channel is varied.  
 
3.1. Type I tests 
The heat is applied to only one channel during these tests; single phase liquid refrigerant is flowing through 
the other channels. During the tests, glass channel №1 has an imposed heat flux of 36.5 kW/m2, the saturation 
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temperature is T=29.1oC, and the total flow rate is varied (see Table 2). Bubble formation is observed at the 
beginning of the glass tube in each test and exit vapor quality depends on the flow rate. Estimated average xevap_exit is 
listed in Table 2. At the highest flow rate m  = 0.51 g/s short slugs were observed at the glass tube outlet; slugs 
elongate as the flow rate decreases, and long slugs were observed at the glass tube outlet at the lowers flow rate m  = 
0.20 g/s. 
Table 2: Type I test conditions 
Parameters Unit Value 
qevap1 kW/m2 36.5 
m  g/s 0.20,    0.29,    0.41,    0.51 
xevap_exit -- 0.157,  0.107,  0.076,  0.061 
 
The mean pressure drop and the fluctuations in each channel for Type I tests are illustrated in Fig. 3. The 
bar lines below and above average values depict minimum and maximum of signals. It is clear that pressure drop 
fluctuations of a heated channel with flow boiling are more significant than in adiabatic channels filled with only 
liquid phase refrigerant. Pressure drop and flow rate of two-phase flow in minichannels significantly oscillates 
because bubbles grow rapidly in small passages. Periodic pressure drop oscillation and flow patterns alternation 
during flow boiling were observed due to dynamic flow rate changes. 
 
Figure 3: Mean values and amplitude of  ΔP1, ΔP2, ΔP3, ΔP4 (Test conditions Type I) 
Power spectral density functions for Type I tests are illustrated in Fig. 4. The plots show the power carried 
by ΔP signals per unit frequency. It is apparent that the diabatic channel №1 always shows the greatest power 
magnitude in comparison to the other three adiabatic channels. Moreover, the peak frequencies of adiabatic channels 
depend on the peak frequency of the heated channel as flow oscillations in channel №1 cause similar flow 
fluctuations in other liquid-phase filled channels. The frequencies that correspond to the maximum PSD shift to 
higher magnitude when flow rate increases and it is associated with periodic bubbly flow oscillations. When flow 
rate augments the boiling process becomes more stable. 
 
Figure 4: Power ΔP1, ΔP2, ΔP3, ΔP4 and (b) Pin, Pout (qevap1 = 36.5 kW/m2, qevap 2,3,4 = 0 kW/m2, 	m  = 0.51 g/s) 
 
Cross-correlation analysis results are shown in Table 3. They reveal that pressure drop signals in adiabatic 
channels have negative relationship with the heated channel for total flow rates more than m =0.2 g/s. ΔP signals in 
channels with single phase are out of phase with ΔP1 signal in the diabatic channel №1. Coefficient r of adiabatic 
channels increases as the mass flux increases and the vapor quality in diabatic channel decreases. Scatter plots of the 
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normalized cross-correlation curves illustrate periodicity of pressure drop signals and the relationship between them. 
Fig. 5 depicts the normalized cross-correlation curves for pressure drop signals at total flow rate m =0.51 g/s. Fig.5a 
shows that ΔP2, ΔP3, ΔP4 are out of phase compared to ΔP1, and ΔP1  is out of phase in all other cases (Fig.5b-d). 
Correlation curves for ΔP2, ΔP3, ΔP4 fall almost on top of each other, and it proves that flow behavior in the three 
adiabatic channels is almost identical. 
 
Table 3: Type I tests cross-correlation coefficients r and coefficients of determination r2 in italics. 
 
 
Figure 5: Normalized cross-correlation curves of  (a) ΔP1, (b) ΔP2, (c) ΔP3, (d) ΔP4 (m  = 0.51 g/s, Type I test). 
 
The cross-correlation coefficient of heated channel №1 grows from 0.63 up to 0.93 when flow rate 
increases. It can be concluded that dynamic pressure drop signals are similar to each other when less vapor is 
generated in channels and less flow perturbation takes place. Generation of vapor in channel №1 causes flow rate 
oscillation in the entire test section; thus, flow in other adiabatic channels fluctuates in a similar manner. 
 
3.2. Type II tests 
An equal heat flux of qpreh=2.15 kW/m2 is applied to all four stainless steel tubes in the preheating section 
and the glass channels in the evaporating section remain adiabatic. The saturation temperature of R134a is T = 
25.5oC and the total flow rate is varied (see Table 4). The estimated average vapor qualities at the outlet of each 
preheating tube xpreh_exit listed in Table 4 show that as flow rate increases vapor quality lessens. Bubbly-slug flow 
steadily flowing forward was observed in all four glass channels at 4 different flow rates 
Table 4: Type II test conditions 
Parameters Unit Value 
qpreh kW/m2 2.15 
qevap kW/m2 0 
m  g/s 0.19,    0.30,    0.39,    0.50 
xpreh_exit -- 0.092,  0.084,  0.079,  0.076 
 
Average pressure drop values during Type II tests and their fluctuations are depicted in Fig. 6. It is expected 
that when individually controlled equal heat flux is applied to each preheating tube then even flow distribution and 
nearly equal pressure drops in each channel would be observed. However, the measured pressure drop values show 
that maldistribution among the channels occurs. The ratio of ΔPi to the lowest ΔP is given in Table 5. This ratio can 
be used to estimate the differences in flow distribution between channels.    
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Figure 6: Mean, minimum and maximum values of  ΔP1, ΔP2, ΔP3, ΔP4 (Test conditions Type II). 
Table 5: Ratio of pressure drop differences distribution between channels (Type II tests) 
Flow rate (g/s) Channel №1 Channel №2 Channel №3 Channel №4 
0.19 1.00 1.22 1.17 1.21 
0.30 1.00 1.22 1.14 1.45 
0.39 1.00 1.13 1.04 1.43 
0.50 1.18 1.08 1.00 1.41 
 
Figure 7: Power spectral density (PSD) functions of ΔP1, ΔP2, ΔP3, ΔP4 (Type II tests). 
 
Cross-correlation analysis results for Type II tests are shown in Table 6. The cross-correlation between 
channels is less than 0.15, and the coefficient of determination does not exceed 0.02. It can be seen, that channel №4 
is in phase with all the other channels when total flow rate is below m =0.50 g/s. Channel №1 is out of phase with 
channel №2 and vice-versa.  Normalized cross-correlation curves for every pressure drop signal at flow rate m =0.50 
g/s are given in Fig. 8 as an illustration of correlation behavior for Type II tests. It is clear that the correlation curves 
are less harmonic and do not resemble each other in comparison with Type I tests. The overall analysis of 
coefficients of determination r2 shows that no more than 2% of ΔPi variables correlate with each other when equal 
heat flux applied and similar flow patterns observed in each channel. 
 
Table 6: Type II tests cross-correlation coefficients r and coefficients of determination r2 in italics. 
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Figure 8: Normalized cross-correlation curves of  (a) ΔP1, (b) ΔP2, (c) ΔP3, (d) ΔP4 (m  = 0.50 g/s, Type II test). 
 
3.4. Type III tests 
Type III tests are conducted to study the effect flow boiling phenomena in one channel potentially have on 
the other three diabatic channels by varying the applied heat flux and keeping heat fluxes on other channels constant 
(Table 6). Moreover, the heat flux on channel №1 is matched to the heat flux applied on the neighboring channel in 
order to examine possible coupling effects of two channels. Each glass channels is kept at the same heat fluxes 
qevap= 2.2 kW/m2. Saturation temperature is T=29.3 oC. 
Table 6: Type III test conditions 
Test № Parameter Unit Channel № 
№ 1 № 2 № 3 № 4 
1 qpreh kW/m2 9.64 4.50 5.80 6.80 
2   7.12 4.50 5.80 6.80 
3   5.96 4.50 5.80 6.80 
4   4.75 4.50 5.80 6.80 
5   2.86 4.50 5.80 6.80 
 qevap kW/m2 2.2 
 m  g/s 0.1, 0.34 
 
  Experiments were conducted for two different flow rates of m =0.1 g/s and m =0.34 g/s. The different flow 
patterns observed in glass channel № 1 during tests using high-speed video recording as well as estimated average 
vapor qualities x are illustrated in Fig. 9. It is apparent, that vapor quality at lower flow rate 0.1 g/s was always 
higher. Moreover, dry out was noted when the highest heat flux at qpreh1=9.64 kW/m2 was applied to the channel. 
 
Figure 9: Typical flow patterns observed in channel №1 during Type III tests. 
 
The mean pressure drop values and the fluctuations for Type III tests are shown in Fig. 10. It is noticeable that 
when the applied heat flux increases, ΔP1 decreases when the flow rate is m =0.10 g/s. The opposite result occurs in 
the case of m =0.34 g/s. At lower flow rates more vapor generation leads to flow pattern transition from slug flow to 
complete dry out. As a result, the thin film around tube walls completely evaporates and the measured pressure drop 
corresponds to the vapor phase. The opposite situation is observed when flow rate increases, two-phase flow is 
observed inside a minichannel in all range of examined heat fluxes. The bar chart in Fig. 10 also shows that pressure 
drop in channels №2, 3, and 4 subjected to constant heat fluxes increase as the heat flux applied to channel №1 rises 
for both flow rates. It occurs as the heat flux applied to the channel №1 increases and higher vapor generation rate 
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leads to less inlet of liquid flow into the channel. Since the flow rate entering into the test section is constant, flow 
rates through the other three channels escalate when flow rate through one channel decreases. 
 
Figure 10: Mean, minimum and maximum values of ΔP1, ΔP2, ΔP3, ΔP4 (Test conditions Type III). 
Power spectral density curves for Type III tests are shown in Fig. 11. Peak frequencies of ΔP signal in 
channels 2, 3, and 4 stay almost the same from the various tests; additionally, a dominant frequency augments as the 
applied heat flux and flow rate increase. First and foremost, this phenomenon is linked to vapor quality and the 
associated flow patterns in each channel. At high flow rates and low heat fluxes small bubbles and short slugs 
demonstrate high frequencies in the power density spectrum. On the other hand, when the flow rate decreases and 
the applied heat flux rises, semi-annular and annular flow is observed and changes in flow structures occur over time 
intervals. As applied heat flux increases the peak frequency in PSD spectrum for channel №1 increase at constant 
fow rate m 0.1 g/s. However, a similar trend is not observed at higher flow rate m  = 0.34 g/s. PSD curves illustrate 
that there are several major frequency modes present. The two columns with frequencies under the PSD curves of 
ΔP1 at 0.34 g/s in Fig. 11 refer to the first and the second peak in power density spectrum. By examining closer the 
flow patterns one can conclude that the different frequency modes correspond to the alternation of long and short 
slugs in channel №1. 
Figure 11: Power spectral density (PSD) functions of ΔP1, ΔP2, ΔP3, ΔP4 (Type III tests). 
Cross-correlation coefficients r and coefficients of determination r2 for Type III tests are presented in Table 
7. It can be concluded from the table, that ΔP1 signals for tests conducted at 0.10 g/s correlate the most with a 
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channel subjected to nearly equal heat flux with channel № 1 such as channel №4 in Test 2, channel №3 in Test 3 
and channel №2 in Test 4. It is also clear that as heat flux applied to channel №1 decreases, the correlation 
magnitude between ΔP1 and ΔP4 decreases as it is shown in Fig. 11. These observations indicate that the channels 
correlate well with each other when similar flow patterns are observed and the behavior of pressure drop signals is 
analogous. However, for tests conducted at flow rate  =0.34 g/s the same trend is observed only during Test 5, 
when the applied heat fluxes were set in an increasing order from channel №1 to №4. ΔP2 and ΔP3 signals correlate 
the most for all the other tests at  =0.34 g/s, showing that those two channels have similar flow modes. Comparison 
of coefficients of determination r2 shows that up to 30% of ΔPi variables correlate with each other at  =0.10 g/s, 
while  no more than 2.7% of variables correlate at flow rate 0.34 g/s.  
The normalized cross-correlation curves for Type III tests pressure drop signal at flow rate m =0.34 g/s are 
given in Fig. 12. In comparison with Type II tests the correlation curves are more periodic and have distinct patterns. 
Type II tests were conducted at heat flux 2.15 kW/m2 and extremely low vapor qualities were observed. For Type III 
tests heat flux was greater than 2.86 kW/m2 and vapor qualities were higher. Therefore, the differences in 
normalized cross-correlation curves show that at higher heat fluxes the pressure drop signals are more dynamic and 
variable.  
 
Table 7: Type III tests cross-correlation coefficients r and coefficients of determination r2 in italics. 
 
 




Analysis of the transient pressure drop measurements during flow boiling of R134a in parallel square 
minichannels having a hydraulic diameter of 0.54 mm is reported in this work. The research is aimed at the study of 
the interactions between channels, and to determine the strength of the relationships when different flow patterns are 
observed in neighboring minichannels. The design of the experimental test section enabled measurement of pressure 
drop in each channel and to vary independently the applied heat flux in preheating and evaporating sections. Three 
different types of experiments were conducted at various flow rates. Type I tests were focused on the comparison of 
the flow behavior in a single diabatic channel.  Study of the correlation between equally heated four parallel 
channels was undertaken with Type II tests. Type III tests were conducted to investigate the potential coupling effect 
when heat flux applied to a single channel is varied while the other three channels are subjected to constant heat 
fluxes.  
From the analysis of transient pressure drop oscillation, and comparisons of PSD curves and cross-
correlation coefficients, one can conclude the following: First of all, flow maldistribution takes place even when 
equal low heat flux is applied to geometrically identical channels. Possible slight difference in roughness, slight 
deviations of the applied electrical power might be the reason of this phenomenon. Secondly, the boiling process is 
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more stable when there is less flow perturbation within a channel. Stable boiling is observed when vapor generation 
does not disturb the upcoming flow. Rapid growth of bubbles occurring in a minichannel either at low flow rates or 
high heat fluxes causes flow rate oscillation in the channel itself and in all the neighboring channels. Thus, mass flux 
plays a crucial role in flow boiling stabilization. Thirdly, experimental results of unequally heated minichannels 
illustrate that establishing the relationship between channels is a complicated task. The correlation parameters such 
as coefficient r and coefficient of determination r2 in some cases are extremely low, no correlation between 
channels can be considered. It is noticeable that the r and r2 coefficients decrease when stable flow boiling is 
observed. Once the rapid growth of bubbles occurs in one or several minichannels then the flow oscillations 
propagate to all other channels and interaction between channels take place.  
NOMENCLATURE 
 
r         cross-correlation coefficient     
r2        coefficient of determination 
N        number of data points 
X        reference data sequence 
Y        correlating data sequence 
T         temperature (oC) 
∆P       pressure drop (kPa) 
P
              
pressure (kPa) 
m
             
flow rate (g/s)     
x          vapor quality   
σ          standard deviation 
Subscripts: 
1         minichannel №1 
2         minichannel №2 
3         minichannel №3 
4         minichannel №4 
preh     preheater 
evap    evaporator 
in         inlet 
out       outlet 
total     overall value 
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